Introduction
In the 2011 off-the-Pacific-coast-of-Tohoku-Earthquake in Japan, a large number of sandy grounds were liquefied due to the long duration of the earthquake [1 -3] . At Sendai airport, in areas where measures against liquefaction had been implemented before the earthquake, liquefaction was prevented successfully. Areas that had not received reinforcement measures however, suffered, liquefaction and subsequent irregular settlement. In order to minimize disruption to traffic on roads, railways and air lines, and to facilitate early resumption of services, it is important to clarify the mechanisms underlying irregular settlement caused by liquefaction to prevent it from occurring.
There are many possible causes for irregular settlement. One factor, when considering that there is a liquefiable layer, maybe the irregular distribution of its thickness, or its liquefaction resistance. Shaking table tests of a model ground where therefore conducted focusing on these factors [4] . Shaking table tests aimed at setting the optimal structure for liquefaction prevention measures s were also conducted to reduce settlement after earthquakes [5] .
Using numerical techniques, Nakai et al. [6] showed that ground deformation was strongly affected by the spatial distribution geological layer structures. However, they focused on the distribution of non-liquefiable layers or its inclination under the liquefiable layer. Miyata et al. [7] proposed a method for predicting settlement after liquefaction by combining 1-dimensional seismic response analysis and the Monte Carlo method. However, they only applied their method to a model ground, so the validity of their method has not yet been confirmed. As shown here, the mechanisms underlying irregular settlement caused by thickness distribution or strength of the liquefiable layer have not yet been made clarified and the evaluation method should be developed.
In this paper, a series of effective stress analyses were conducted in order to show the effect of distribution of the thickness or strength of liquefiable layers on irregular settlement. As a test site for conducting numerical simulations, a railway yard damaged by the 2011 off-the-Pacificcoast-of-Tohoku-Earthquake was selected. The rough distribution of layer thickness and shear wave velocities were obtained across the railway tracks by using the surface wave method. The relative settlement of the railway tracks after the earthquake was also measured. Numerical studies made it possible to consider the conditions on the site and to compare these calculated results with measurements. The effect of the distributions of the liquefiable layer distribution was evaluated by comparing 2-dimensional analyses taking into account thickness distribution and 1-dimensional analyses. The effect of liquefaction strength distribution was examined through calculations using a 2-dimensional model taking into account liquefaction resistance distribution based on the shear wave velocity.
Outline of damage and properties of the target site
A railway yard that suffered liquefaction during the 2011 off-the-Pacific-coast-of-Tohoku earthquake was selected for this study. The railway tracks and structures were severely damaged, forcing railway operations to cease. The railway tracks showed irregular deformation in both the horizontal and vertical directions. Figure 1 shows the typical distributions of the N-value of the SPT and shear wave velocity measured by PS logging for this site [8] . Coal ash was deposited under the railway tracks and where liquefaction occurred. The layer under the coal ash was an alluvial clay layer (Ac1, Ac2 and Ac4) about 20 m in thickness with a small N-value. The water level was located at GL-1.0 m.
In order to clarify the characteristics of the coal ash layer, its physical properties, permeability, and compaction features were evaluated through laboratory tests [8] . Table 1 shows the test results. The density of the soil particles was lower than usual sand and close to that surveyed by other
Fig. 1 Distribution of N-value and shear wave velocity [8]
In order to clarify the characteristics of the coal ash layer, its physical properties, permeability, and compaction features were evaluated through laboratory tests [8] . Table 1 shows the test results. The density of the soil particles was lower than usual sand and close to that surveyed by other researchers [9] . The dry density was lower and the void ratio larger than usual sand. However, the dry density was almost the same as its maximum dry density obtained in a compaction test in a laboratory. Therefore, the low dry density is caused by the small soil particle gravity. The liquefaction resistance was evaluated by cyclic triaxial tests: the results of these tests are mentioned in chapter 4. Optimal water content wopt 28.6~41.4%
The surface wave method was applied to the site in order to clarify the geological structure, after the earthquake [8] . The shear wave velocity obtained through the surface wave method for the exact location where PS logging was conducted is also plotted in Fig. 1 . The shear wave velocity obtained by the surface wave method agreed well with the velocity measured by PS logging. Figure. 2 shows the distribution of the shear wave velocity obtained from the surface wave method along the railway tracks. In this figure, the line showing the shear wave velocity of 100 m/s is highlighted because the bottom of the liquefiable coal ash layer (B) can be estimated from this shear wave velocity, as shown in Figure 1 . It was found that the thickness of the liquefiable layer under the ground water level ranged from 1.0 m to 2.5 m and the shear wave velocity also ranged from 100 m/s to 170 m/s.
Fig. 2 Distribution of shear wave velocity
obtained by surface wave method [8] 
Analytical method
In this study, the governing equations for a three phase mixture (soil particle, pore water, and pore air) were adopted [10] . However, only saturated soils were considered in this analysis, so the pore air phase was excluded. The governing equations were formulated based on the following assumptions:
1) The conditions are isothermal; 2)
The soil particles are incompressible; 3)
The mass exchange among phases can be neglected; 4)
The material time derivative of relative velocities and the advection terms of pore fluids to the soil skeleton can be neglected.
The governing equations consist of the momentum balance equations of mixtures and the mass and momentum balance equations of pore water.
The weak forms were implemented in finite element formulation. The Newmark implicit scheme was used for time integration. The primary variables were the second-order material time derivatives of the displacement of the soil skeleton, and pore water pressure. The weak forms were linearized and solved by the Newton-Raphson method iteratively at each time step. In the finite element formulation, the Galerkin method and isoparametric 8-node elements were used. The soil skeleton displacement and the fluid pressures were approximated at 8 nodes and 4 nodes respectively to satisfy the discrete LBB conditions for the locally undrained case.
For the constitutive equation for liquefiable sand, a cyclic elasto-plastic model [11] was applied. This constitutive model was formulated on the following assumptions:
1) The infinitesimal strain theory; 2)
The elasto-plastic theory; 3)
The non-associated flow rule and the Cam-clay type plastic potential function [12] ;
4) The non-linear kinematic hardening rule [13] and the dependency of hardening parameters on the amount of plastic strain.
Using the model, experimental results were successfully reproduced under various stress conditions and the model was [9] . The dry density was lower and the void ratio larger than usual sand. However, the dry density was almost the same as its maximum dry density obtained in a compaction test in a laboratory. Therefore, the low dry density is caused by the small soil particle gravity. The liquefaction resistance was evaluated by cyclic triaxial tests: the results of these tests are mentioned in chapter 4.
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2) The soil particles are incompressible;
3) The mass exchange among phases can be neglected; 4) The material time derivative of relative velocities and the advection terms of pore fluids to the soil skeleton can be neglected. The governing equations consist of the momentum balance equations of mixtures and the mass and momentum balance equations of pore water.
The weak forms were implemented in finite element formulation. The Newmark implicit scheme was used for time integration. The primary variables were the secondorder material time derivatives of the displacement of the soil skeleton, and pore water pressure. The weak forms were linearized and solved by the Newton-Raphson method iteratively at each time step. In the finite element formulation, the Galerkin method and isoparametric 8-node elements were used. The soil skeleton displacement and the fluid pressures were approximated at 8 nodes and 4 nodes respectively to satisfy the discrete LBB conditions for the locally undrained case.
1) The infinitesimal strain theory;
2) The elasto-plastic theory;
3) The non-associated flow rule and the Cam-clay type plastic potential function [12] ; 4) The non-linear kinematic hardening rule [13] and the dependency of hardening parameters on the amount of plastic strain. Using the model, experimental results were successfully reproduced under various stress conditions and the model was applied to simulations treating liquefaction of ground and embankment.
Numerical study on distribution of liquefiable layer thickness

Outline of the analysis
In order to show the effect of liquefiable layer thickness distribution on irregular settlement, a series of analyses were carried out. Concentrating on the boundary between the liquefiable coal ash layer (B) and the clayey layer (Ac1) whose thickness was obtained by surface wave method, a 2-dimensional model was prepared and an effective stress analysis was performed. For comparison, 1-dimensional analyses were carried out in which the cases of the maximum and minimum measured thicknesses of the liquefiable layer were modeled. Figure 3 shows the analytical models of the ground. For simplicity, As, Ag and Ac4 were not considered in the models because these layers were not distributed continuously in the region of the analytical model. In Cases 1 and 2, 1-dimensional soil column models were prepared based on the assumption of horizontal stratification. The thickness of the liquefiable layer was set at 2.5 m in Case 1 and 1.0 m in Case 2, based on the maximum and minimum thicknesses obtained by the surface wave method. In Case 3, 2-dimensional ground model was prepared considering the distribution of the thickness of the liquefiable layer (B) along the railway tracks. It was hypothesized that the thickness of the clayey layers (Ac1 and Ac2) would vary to some extent along the railway track. However, there was not enough evidence to determine its distribution and the aim of the analysis was to evaluate the effect of liquefiable layer thickness distribution on irregular settlement after earthquakes. Consequently, only liquefiable layer thickness distribution was taken into account. In this model, elements that were wide horizontally were included, which behaved as a free fields at both edges of the model in order to decrease the influence of the reflected wave from the edges.
Analytical conditions
The cyclic elasto-plastic constitutive model was applied to the liquefiable layer. Figure 4 shows the comparison of the stress pass (relationship between mean effective stress and stress difference) and the stress-strain relationship (relationship between axial strain and stress difference), obtained in cyclic triaxial tests and simulations on coal ash. The simulations reproduced successfully the behavior of the experimental results. Figure 5 shows the time history of the estimated ground motion used in the dynamic response analysis. The procedure for estimating the input motion was as follows: First, the recorded motion at K-NET Mito was transferred 4. Numerical study on distribution of liquefiable layer thickness
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Analytical conditions
Results and discussions
Figure. 6 shows the longitudinal distribution of ground surface settlement following simulations. In this figure, the relative height of the railway track measured in the tests site after the earthquake was also plotted. The measured relative settlement was initialized at 0 at the position of 0 m. A comparison revealed that as far as the settlement was concerned, the results of the evaluation by 2-dimensional analysis (Case 3) reproduced successfully the results obtained through the measurement, indicated by the fact that both the analytical and measured results contained for position and scale of maximum settlement. However, from a position of 150 m to the end, analytical and measured results no longer agreed. The reason for this difference could be the free-field boundary condition at both the edges, which does not represent the reality of the railway track on the site, that had a fixed concrete block for the train stop. applied to simulations treating liquefaction of ground and embankment.
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Analytical conditions
Results and discussions
A closer look therefore needs to be taken at the difference in the simulated settlement between 1-dimensional analyses (Cases 1 and 2) and 2-dimensional analysis (Case 3). In the model of Case 3, the height of the liquefiable layer is about 2.5m at positions from 20 m to 50 m, and about 1.0 m at positions from 130 m to 150 m, which coincide with the height of the liquefiable layer of Cases 1 and 2. Due to the coincidence of the height of the liquefiable layer, the settlements simulated in Cases 1 and 2 should almost coincide more or less with the settlement at these positions in Case 3 significantly. However, the maximum settlement recorded at a position of 120 m in Case 3 significantly exceeded the settlement calculated in Case 1. This may have been caused by the spatial distribution of the liquefiable layer in Case 3.
In Case 3, the nodal and elemental behaviors were examined at positions of 35 m and 120 m, where the height of the liquefiable layer is 2.5 m, and at a position of 140 m, where the height is 1.0 m, in order to focus on the difference in the behaviors among the three cases. Figure 7 shows the time histories of the vertical displacement at the surface of the ground located at these positions. The time histories were separated into (a) and (b), in accordance with the period during and after the earthquake respectively. In the time histories of (a), the vertical displacement in three cases, and at three points in Case 3 started to differ at about 30 seconds (i.e. about 30 seconds after shaking began). Particularly, the vertical displacement at a position of 140 m in Case 3 showed uplift between 30 to 100 seconds, which was not observed in either in Case 1 or 2. At the end of the earthquake, the maximum difference in displacement in the three nodes in Case 3 was about 10 cm, 
Figure. 6 shows the longitudinal distribution of ground surface settlement following simulations. In this figure, the relative height of the railway track measured in the tests site after the earthquake was also plotted. The measured relative settlement was initialized at 0 at the position of 0 m. A comparison revealed that as far as the settlement was concerned, the results of the evaluation by 2-dimensional analysis (Case 3) reproduced successfully the results obtained through the measurement, indicated by the fact that both the analytical and measured results contained for position and scale of maximum settlement. However, from a position of 150 m to the end, analytical and measured results no longer agreed. The reason for this difference could be the free-field boundary condition at both the edges, which does not represent the reality of the railway track on the site, that had a fixed concrete block for the train stop.
Fig. 6 Distribution of settlement obtained by simulations and measured relative height of the ground surface
A closer look therefore needs to be taken at the difference in the simulated settlement between 1-dimensional analyses (Cases 1 and 2) and 2-dimensional analysis (Case 3). In the model of Case 3, the height of the liquefiable layer is about 2.5m at positions from 20 m to 50 m, and about 1.0 m at positions the vertical displacement in three cases, and at three points in Case 3 started to differ at about 30 seconds (i.e. about 30 seconds after shaking began). Particularly, the vertical displacement at a position of 140 m in Case 3 showed uplift between 30 to 100 seconds, which was not observed in either in Case 1 or 2. At the end of the earthquake, the maximum difference in displacement in the three nodes in Case 3 was about 10 cm, and the difference between the nodal points at 35 m and at 120 m was about 5 cm. After the earthquake, these differences became larger due to the settlement by consolidation, as shown in Figure 7 and the difference between the nodal points at 35 m and at 120 m was about 5 cm. After the earthquake, these differences became larger due to the settlement by consolidation, as shown in Fig. 7 (b) . Figure 8 shows the time histories of the excess pore water pressure ratio (E.P.W.P.R.) at depths of GL-1.75 m and GL-2.75 m during the earthquake. Liquefaction occurred at about 50 seconds in Case 1 and at about 80 seconds in Case 2. In Case 3, liquefaction occurred at 50 seconds at positions of 35 m and 120 m, and at 80 seconds at 140 m. This would indicate that the time when liquefaction occurred depended solely on the thickness of the liquefiable layer, particularly given that the time difference in liquefaction occurring between the two nodes located at 120 m and 140 m was about 30 seconds even though the distance between them was only 20 m. Figure 9 shows the time histories of acceleration at each nodal point. Focusing on the response obtained in the 1-dimensional analyses, the response in Case 1 fell after 50 seconds, contrary to what happened in Case 2. In Case 1, the liquefiable layer was thicker and liquefaction occurred earlier, as shown in Fig. 8 (a) . This may have caused the larger fall in acceleration response. The simulation of Case 3 however, gave a the difference in acceleration responses for the three nodal points that were smaller than those obtained from the 1-dimensional analyses. Particularly, the response at 120 m was larger than that at 35 m and that in Case 1. Around this position, the thickness of the liquefi- 
Results and discussions
Figure. 6 shows the longitudinal distribution of ground surface settlement following simulations. In this figure, the relative height of the railway track measured in the tests site after the earthquake was also plotted. The measured relative settlement was initialized at 0 at the position of 0 m. A comparison revealed that as far as the settlement was concerned, the results of the evaluation by 2-dimensional analysis (Case 3) reproduced successfully the results obtained through the measurement, indicated by the fact that both the analytical and measured results contained for position and scale of maximum settlement. However, from a position of 150 m to the end, analytical and measured results no longer agreed. The reason for this difference could be the free-field boundary condition at both the edges, which does not represent the reality of the railway track on the site, that had a fixed concrete block for the train stop. In Case 3, the nodal and elemental behaviors were examined at positions of 35 m and 120 m, where the height of the liquefiable layer is 2.5 m, and at a position of 140 m, where the height is 1.0 m, in order to focus on the difference in the behaviors among the three cases. Figure. 7 shows the time histories of the vertical displacement at the surface of the ground located at these positions. The time histories were separated into (a) and (b), in accordance with the period during and after the earthquake respectively. In the time histories of (a) 
Fig. 6 Distribution of settlement obtained by simulations and measured relative height of the ground surface
In Case 3, the nodal and elemental behaviors were examined at positions of 35 m and 120 m, where the height of the liquefiable layer is 2.5 m, and at a position of 140 m, where the height is 1.0 m, in order to focus on the difference in the behaviors among the three cases. Figure. 7 shows the time histories of the vertical displacement at the surface of the ground located at these positions. The time histories were separated into (a) and (b), in accordance with the period during and after the earthquake respectively. In the time histories of (a), the vertical displacement in three cases, and at three points in Case 3 started to differ at about 30 seconds (i.e. about 30 seconds after shaking began). Particularly, the vertical displacement at a position of 140 m in Case 3 showed uplift between 30 to 100 seconds, which was not observed in either in Case 1 or 2. At the end of the earthquake, the maximum difference in displacement in the three nodes in Case 3 was about 10 cm, and the difference between the nodal points at 35 m and at 120 m was about 5 cm. After the earthquake, these differences became larger due to the settlement by consolidation, as shown in Figure 7 able layer changed significantly and time of liquefaction also differed as shown in Fig. 8 (b) . Affected by the dynamic behavior of the surrounding ground, the acceleration response at 120 m would probably not fall signigicantly. This behavior would also cause larger settlement at this position during the earthquake, as shown in Fig. 7 (a).
Numerical study of liquefiable layer strength distribution
Outline of the analysis
This chapter focuses on the effect of liquefaction strength distribution on irregular settlement. Based on the result of the measurement of the shear wave velocity by means of the surface wave method, the distribution of the liquefaction strength in the 2-dimensional model was assumed and effective stress analyses were carried out. The simulated results were compared to the results obtained from simulations that did not consider distribution.
Analytical conditions
It is well known that there is a relationship between shear wave velocity and liquefaction resistance [14] . The specimens used for the cyclic triaxial tests showed a shear wave velocity of about 120 m/s. However, cyclic triaxial tests were not conducted using specimens with different shear wave velocity. Therefore, it was assumed that the liquefaction resistance of the coal ash ground fell into three strength categories according to the shear wave velocity as shown in Table 2 . The medium strength was defined based on the liquefaction properties shown in Fig. 4 . The low strength and high strength were modeled using different sets of parameters mentioned later. Two analyses, Cases 4 and 5 were carried out. The shear wave velocity corresponding to the boundary value between the small and the middle liquefaction resistance was different between Cases 4 and 5. Figure 10 shows distributions of liquefaction resistance considered in the finite element model in Cases 4 and 5. In Case 4, the area of low liquefaction resistance was partially located between80 m to 120 m. However, in Case 5, the low resistance area was distributed locally around a Fig. 9 Time histories of the acceleration time of liquefaction also differed as shown in Figure 8 (b) . Affected by the dynamic behavior of the surrounding ground, the acceleration response at 120 m would probably not fall signigicantly. This behavior would also cause larger settlement at this position during the earthquake, as shown in Figure 7 (a) . Fig. 9 Time histories of the E.P.W.P.R.
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It is well known that there is a relationship between shear wave velocity and liquefaction resistance [14] . The specimens used for the cyclic triaxial tests showed a shear wave velocity of about 120 m/s. However, cyclic triaxial tests were not conducted using specimens with different shear wave velocity. Therefore, it was assumed that the liquefaction resistance of the coal ash ground fell into three strength categories according to the shear wave velocity as shown in Table 2 . The medium strength was defined based on the liquefaction properties shown in Figure 4 . The low strength and high strength were modeled using different sets of parameters mentioned later. Two analyses, Cases 4 and 5 were carried out. The shear wave velocity corresponding to the boundary value between the small and the 
Fig. 10 Distributions of shear wave velocity in the finite element model
The physical parameters were changed according to the value of the shear wave velocity. Figure 11 shows the stress pass and stress-strain relationship obtained from calculations using these parameters. A comparison with behaviors obtained through simulations with specimens of medium liquefaction resistance made it possible to understand the change in the stress pass and the stress-strain relationship which the simulation for the specimen with the low and high liquefaction could describe. Compared to the behaviors obtained through simulations on specimens with low and high liquefaction resistance, the simulations for the specimens with the small and large liquefaction resistance could describe the change of the stress pass and the stress-strain relationship. The physical parameters were changed according to the value of the shear wave velocity. Figure 11 shows the stress pass and stress-strain relationship obtained from calculations using these parameters. A comparison with behaviors obtained through simulations with specimens of medium liquefaction resistance made it possible to understand the change in the stress pass and the stress-strain relationship which the simulation for the specimen with the low and high liquefaction could describe. Compared to Affected by the dynamic behavior of the surrounding ground, the acceleration response at 120 m would probably not fall signigicantly. This behavior would also cause larger settlement at this position during the earthquake, as shown in Figure 7 (a) . Fig. 9 Time histories of the E.P.W.P.R.
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Fig. 10 Distributions of shear wave velocity in the finite element model
The physical parameters were changed according to the value of the shear wave velocity. Figure 11 shows the stress pass and stress-strain relationship obtained from calculations using these parameters. A comparison with behaviors obtained through simulations with specimens of medium liquefaction resistance made it possible to understand the change in the stress pass and the stress-strain relationship which the simulation for the specimen with the low and high liquefaction could describe. Compared to the behaviors obtained through simulations on specimens with low and high liquefaction resistance, the simulations for the specimens with the small and large liquefaction resistance could describe the change of the stress pass and the stress-strain relationship. Large liquefaction resistance small High liquefaction resistance Low Medium the behaviors obtained through simulations on specimens with low and high liquefaction resistance, the simulations for the specimens with the small and large liquefaction resistance could describe the change of the stress pass and the stress-strain relationship. Figure 12 shows the longitudinal distributions of settlement at the ground surface obtained by simulations in Cases 4 and 5, including those obtained by the simulation in Case 3 and the measured relative settlement. Though the reproduction of a large settlement around a position of 100 m was difficult in the simulation for Case 3, the simulations for Cases 4 and 5, where the special distributions of liquefaction were considered, given the successful reproduction of the measured settlement around this position. However, in the simulations, the maximum settlement was obtained at a position of 90 m, so the position did not perfectly coincide with the measurement.
Results and discussions
In order to clarify why differences appeared between the three cases, the ground behavior at 90 m was examined. Figure 13 shows the time histories of the vertical displacement at this position. As shown in Fig. 13 (a) , the vertical displacement in these three cases almost coincided during the earthquake. However, after the earthquake, vertical displacement stopped at different times, as shown in Fig. 13 (b) . Because the magnitude of the liquefaction around this position was different in each case, delay occurred settlement increased according to the ratio of the region with the low liquefaction resistance. Figure 14 shows the time histories of the excess pore water pressure ratio at a depth of GL-1.75 m. In Cases 4 and 5, liquefaction occurred at about 35 seconds, earlier than in Case 3. In the analytical model of Cases 4 and 5, material with low liquefaction resistance occupied this position, so liquefaction would occur earlier than in Case 3. Figure 15 shows the time histories of acceleration at the surface of the ground at a position of 90 m. According to the difference in the behaviors of the excess pore water pressure, the response of the acceleration in Cases 4 and 5 between 30 and 75 seconds, contrary to Case 3. However, the responses in the three cases almost coincided with each other again after 75 second because the ground must have liquefied perfectly around this position before this time in all cases.
Conclusions
A series of effective stress analyses were performed in order to clarify the reasons for irregular settlement of ground after liquefaction. A railway yard damaged in the 2011 off-the-Pacific-coast-of-Tohoku Earthquake was selected for this study. The surface wave method was applied to the site, revealing that the liquefiable layer has its own thickness and strength distribution. A series of the simulations, focused on the effects of these distributions on the irregular settlement.
First, a 2-dimensional analysis in consideration of the distribution of the thickness of the liquefiable layer was performed. The simulation result reproduced the settlement measured at the field to some extent. Compared to the 1-dimensional analysis in which the maximum thickness of the liquefiable layer was assumed, the settlement obtained as a result of the 2-dimensional analysis became larger. The difference in the dimension of the analyses showed that the responses of the acceleration were largely affected by the distribution of the thickness of the liquefiable layer, whereas the process of the increase in the excess pore water pressure would depended on local thickness.
Furthermore, 2-dimensional analyses in consideration of the distribution of the liquefaction resistance were conducted. When distribution was taken into consideration, In order to clarify why differences appeared between the three cases, the ground behavior at 90 m was examined. Figure  13 shows the time histories of the vertical displacement at this position. As shown in Figure 13 (a), the vertical displacement in these three cases almost coincided during the earthquake. However, after the earthquake, vertical displacement stopped at different times, as shown in Figure 13 (b) . Because the magnitude of the liquefaction around this position was different in each case, delay occurred settlement increased according to the ratio of the region with the low liquefaction resistance. 
A series of effective stress analyses were performed in order to clarify the reasons for irregular settlement of ground after liquefaction. A railway yard damaged in the 2011 off-thePacific-coast-of-Tohoku Earthquake was selected for this study. The surface wave method was applied to the site, revealing that the liquefiable layer has its own thickness and strength distribution. A series of the simulations, focused on the effects of these distributions on the irregular settlement.
First, a 2-dimensional analysis in consideration of the distribution of the thickness of the liquefiable layer was performed. The simulation result reproduced the settlement measured at the field to some extent. Compared to the 1-dimensional analysis in which the maximum thickness of the liquefiable layer was assumed, the settlement obtained as a result of the 2-dimensional analysis became larger. The In order to clarify why differences appeared between the three cases, the ground behavior at 90 m was examined. Figure  13 shows the time histories of the vertical displacement at this position. As shown in Figure 13 (a) , the vertical displacement in these three cases almost coincided during the earthquake. However, after the earthquake, vertical displacement stopped at different times, as shown in Figure 13 (b) . Because the magnitude of the liquefaction around this position was different in each case, delay occurred settlement increased according to the ratio of the region with the low liquefaction resistance. 
First, a 2-dimensional analysis in consideration of the distribution of the thickness of the liquefiable layer was performed. The simulation result reproduced the settlement measured at the field to some extent. Compared to the 1-dimensional analysis in which the maximum thickness of the liquefiable layer was assumed, the settlement obtained as a result of the 2-dimensional analysis became larger. The Figure 12 shows the longitudinal distributions of settlement at the ground surface obtained by simulations in Cases 4 and 5, including those obtained by the simulation in Case 3 and the measured relative settlement. Though the reproduction of a large settlement around a position of 100 m was difficult in the simulation for Case 3, the simulations for Cases 4 and 5, where the special distributions of liquefaction were considered, given the successful reproduction of the measured settlement around this position. However, in the simulations, the maximum settlement was obtained at a position of 90 m, so the position did not perfectly coincide with the measurement.
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Fig. 12 Distribution of settlement obtained by simulations and measured relative height of the ground surface
In order to clarify why differences appeared between the three cases, the ground behavior at 90 m was examined. Figure  13 shows the time histories of the vertical displacement at this position. As shown in Figure 13 (a) , the vertical displacement in these three cases almost coincided during the earthquake. However, after the earthquake, vertical displacement stopped at different times, as shown in Figure 13 (b) . Because the magnitude of the liquefaction around this position was different in each case, delay occurred settlement increased according to the ratio of the region with the low liquefaction resistance.
pressure ratio at a depth of GL-1.75 m. In Cases 4 and 5, liquefaction occurred at about 35 seconds, earlier than in Case 3. In the analytical model of Cases 4 and 5, material with low liquefaction resistance occupied this position, so liquefaction would occur earlier than in Case 3. 
Conclusions
First, a 2-dimensional analysis in consideration of the distribution of the thickness of the liquefiable layer was performed. The simulation result reproduced the settlement measured at the field to some extent. Compared to the 1-dimensional analysis in which the maximum thickness of the liquefiable layer was assumed, the settlement obtained as a result of the 2-dimensional analysis became larger. The 
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Case 3 and the measured relative settlement. Though the reproduction of a large settlement around a position of 100 m was difficult in the simulation for Case 3, the simulations for Cases 4 and 5, where the special distributions of liquefaction were considered, given the successful reproduction of the measured settlement around this position. However, in the simulations, the maximum settlement was obtained at a position of 90 m, so the position did not perfectly coincide with the measurement.
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In order to clarify why differences appeared between the three cases, the ground behavior at 90 m was examined. Figure  13 shows the time histories of the vertical displacement at this position. As shown in Figure 13 (a) , the vertical displacement in these three cases almost coincided during the earthquake. However, after the earthquake, vertical displacement stopped at different times, as shown in Figure 13 (b). Because the magnitude of the liquefaction around this position was different in each case, delay occurred settlement increased according to the ratio of the region with the low liquefaction resistance. 
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